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stains such as periodate-Schiff (PAS) or Alcian Blue. Notwithstanding, a few measurements (from histological sections) have been reported for the goblet cell diameter (Martins et al. 2015) , the cross-sectional area, length and width of goblet cells (Kumari et al. 2009) or estimates of goblet cell volume (Mercer et al. 1994) . Similar estimates of cross sectional area of individual goblet cells have been based on measurements of the length (major axis) and width (minor axis) with the two measures then averaged and used to calculate an area (Kandori et al. 1996) , and such dimensional measurements have also been used as the basis to assess goblet cell shape 'eccentricity' in relation to overall size of the cells, i.e. how spherical or elongated the cell profiles might appear to be (Halm and Halm 2000) .
None of these studies and reports, however, provide much detail on the range of goblet cell sizes seen neither do they address the possible dynamic changes in the goblet cells where, for example, the relative area occupied by the mucin (mucus) would be expected to change in relation to the extent of maturation. The reason for this is not only that the cells are usually viewed at a magnification that is not sufficient for reliable measurements of individual cells to be made but also that the use of mucin-visualizing stains obscures intra-cellular detail. An alternative approach is to use cytology specimens stained with Giesma that reveals the goblet cell outline and a fairly densely staining eccentrically-located nucleus (Spurzem et al. 1991; Lin et al. 1998; Pagliuca et al. 2016) . The goblet cells show this outline and appear as balloon-like features distinctly different from other epithelial cells when the samples are taken using a special technique called impression cytology (Roth et al. 1988; Rath et al. 2006; Doughty 2011 Doughty , 2012a Doughty ,b, 2015a Colorado et al. 2016 ).
In the present study, the approach used to assess the goblet cells was with the use of Giemsa on impression cytology samples such that the cell size could be measured (from its outline) and also the nucleus size such that, for the first time, the nucleo-cytoplasmic features of these cells could be assessed in detail.
Materials and Methods Animal source, care and collection of eye tissue
The animal use and all protocols were in accord with the Association for Research in Vision and Ophthalmology (ARVO) resolution on the Use of Animals in Research, and were approved by a local animal care committee at the University of Waterloo, Canada (Doughty 2014 (Doughty , 2015a . 15 female Dutch Belt pigmented rabbits, aged between 9 to 11 weeks (1.9 to 2.4 kg body weight) were initially quarantined for 7 to 10 days to check that there were no obvious clinical signs of ocular, nasal or GI tract disease. Individual animals were then euthanized with i.v. pentobarbital sodium, generally being designated for use in separate ex vivo experiments.
Impression cytology
Immediately after euthanasia, the upper eyelid of the left eye of the rabbits was carefully pushed open and lifted and then a 10 mm diameter sterile filter mounted on a plastic support ring (Millicell  -CM filter unit 0.4 PICM 012550 with the Biopore  membrane, Millipore, Co. Cork, Ireland) was firmly applied onto the exposed superior-temporal bulbar conjunctiva (over the white of the eye) with the filter clear of the edge of the cornea. After a couple of seconds, the filter was removed, allowed to air dry for 2 to 5 minutes and then a single drop of fixative solution applied, and left for 15 min at room temperature. This fixative was a 2 % solution of glutaraldehyde, freshly prepared in 80 mM sodium cacodylate buffer, pH 7.2 to 7.4, 320 to 340 mOsm/L. The filter units were later stained by immersion in 99 % methanol for 2 min, then in distilled water for 1 min and finally in Giemsa solution (product number G032, Sigma, Kingstonupon-Thames, UK) for 2 min. Following previous protocols, the surface of the filters was examined by light microscopy and selected regions photographed using a 20 X microscope stage objective lens (medium power field, 200 X final magnification, field size 0.14 mm 2 ) (Doughty 2012a (Doughty , 2015a .
Cell morphometry
The images were projected onto a wall screen at a final magnification of around 1000 X ( Figure  1 ) so that an overlay (with a 100 μm scale bar) could be generated to facilitate measurements of cell and nucleus dimensions and their areas. These were measured by planimetry using a commercial digitizer pad (DigiPro TM , Elstree Computing, London) with dimensional measurements being routinely made to a resolution of 0.5 μm, and area measures to 2 μm 2 .
Statistical analysis
All data were entered into spreadsheets in Systat TM (Systat, IL) for calculation of global statistics (mean, SD) with normality of data sets being checked using the Shapiro-Wilk default (as included in Systat) with a value of > 0.05 being considered normal. For comparisons between data sets two-sample t-tests or a non-parametric rank order Friedman test was used, with a statistical difference being considered if p = 0.05 or less. Inter-dependence of some of the morphological variables was undertaken using simple correlations, including generating a Spearman correlation coefficient (r s ).
Results

Overall features of the impression cytology images
For the 15 conjunctival impression cytology (CIC) specimens obtained from different rabbits, but at the same anatomical location on the conjunctiva, there were locations across the filter surfaces where there was a mixture of epithelial (non-goblet) cells and goblet cells ( Figure 1 and Figure 2B ). The projected image serves to highlight the selected regions on the filter surface that were relatively lightly stained such that individual epithelial cells were readily discerned based on their nucleus and cytoplasm staining, and numerous goblet cells were also evident (see below). The image projection shown in Figure 1 is presented to emphasise the extent of cell image magnification used (evident from the hand shown) and the actual process of drawing selected ell outlines onto an overlay. Other regions of the filter surface that were much more densely stained, even to the extent that individual epithelial cells could not be discerned because of substantial overlapping of the stained regions, were avoided even though the goblet cells were still very apparent. For all filters, two representative regions suitable for morphometry were selected.
All filters included regions where just a single layer of largely non-overlapping epithelial (non-goblet) cells were present (see Figure 2A ) as well as regions where the epithelial cells were more compact and usually slightly overlapping but where various numbers of goblet cells were present (see Figure 2B ). The projected image ( Figure 1) shows features similar to Figure 2B in which it can be seen that the Giemsa stain reveals the nuclei of many hundreds of cells across the field of view. Most of these cells, with obviously stained and more centrally located nuclei, were in close contact with each other and appeared flat. However, in marked contrast, a certain proportion of the cells did not appear flat (but rather balloon-like) and quite often could be seen to have a smaller and eccentrically-located nucleus; these are the goblet cells (see Figure 1 and further enlarged region shown in 2A). Subjectively, the 3-D nature of the goblet cells visualized with Giemsa may be more apparent in black-and-white image ( Figure  2B ) but the original color image was used for projection. These same cells also stain substantially with periodate-Schiff (not shown). The goblet cells chosen for outlining had to have a distinct cell outline and the nucleus outline also needed to be clearly evident.
Morphological features and size of epithelial (non-goblet) cells versus goblet cells
For all specimens, two representative photographs were taken to allow for objective assessments of the goblet cells and non-goblet cells. Representative regions of these are shown in Figure 2 . In Figure 2A is shown some non-goblet epithelial cells most of which have similar overall sizes and a prominent centrally-located nucleus. These cells appeared flat. These types of regions were where only the most superficial ones of the conjunctival epithelium had adhered to the filter. If this later of attached cells was completely uniform, an intact monolayer of cells would be seen. However, some small gaps (spaces) between cells were routinely evident and these types of images allowed for unambiguous outlining of the epithelial cells from which measurements could be taken to establish whether these non-goblet cells were normal or abnormal (see later). These epithelial cells were not circular in profile but usually slightly elongated so that a longest dimension and shortest dimension could be measured. The nuclei were rounder in profile and only the longest dimension was measured. In Figure 2B is shown a region of a filter surface where more than one layer of cells had adhered to the filter such that there were no gaps, all of the cells appeared much more crowded together and it was not possible to actually define the edges of the epithelial (non-goblet) cells. One explanation for this overall appearance is the result, in part, of more than one layer of cells being collected onto the filter (see discussion). However, such images now show the presence of the balloon-or sphere-like goblet cells where the outline was distinct and a certain proportion of them were seen to have a well-demarcated (and staining) nucleus. As highlighted, these nuclei in the goblet cells were usually distinctly smaller than those in the surrounding epithelial cells. The presence, or apparent absence, of a nucleus in the goblet cells is purely a consequence of the fine focus adjustment so that with a change in this other goblet cells with nuclei would be apparent. This characteristic serves to emphasize the 3-D nature of the goblet cell profile seen in the impression cytology specimens. The goblet cells were usually ovoid in shape so that, as with epithelial cells, a longest and shortest dimension could be measured as well as the apparent area.
From images of the type shown in Figure 2A , 10 of the best resolved epithelial cells were selected and outlined. The same was done for the best-resolved goblet cells in images of the type shown in Figure 2B , so as to generate a balanced set of data for comparisons between epithelial (non-goblet) and goblet cells.
Overall, the epithelial cells had longest dimensions ranging from 13.9 to 31.7 μm and shorter dimensions from 12.7 to 25.1 μm to give group mean values (from the 15 sets of 10 cells) of 19.2 ± 2.9 and 16.7 ± 2.4 um (mean ± SD respectively). For goblet cells, these ranges were from 11.8 to 23.1 μm for the longest dimension and 10.5 to 19.1 μm for the shorter dimension, with group means of 16.7 ± 2.3 and 14.4 ± 1.8 μm respectively (± SD). The data sets were not normally distributed and a Friedman test showed that both the dimensional value sets were statistically different (p < 0.001) when comparing epithelial (non-goblet) cells with the goblet cells, i.e. the goblet cells were slightly smaller. While this feature is not apparent in Figure 1 , it should be noted that measures of epithelial cells were not undertaken from this type of image as the edges of the epithelial cells could not been seen because of slight cell-cell overlap.
Overall, the goblet cells had a reasonably homogeneous distribution of values for the longest dimension ( Figure 3A ) and the shortest dimension (not shown) and the mean value for the average 'diameter' [i.e. (long + short)/2)] was 15.5 ± 1.9 um. The shape of most of the goblet cells was distinct in that they were not round but 'ovoid' with an average shape factor (long:short, L:S ratio) of 1.169 ± 0.091 (range 1.000 to 1.417) ( Figure 3B ).
For epithelial cells, the longest dimension of the nuclei averaged 8.1 ± 1.0 μm (range 5.3 to 10.8 um), while for goblet cells this value was smaller at 6.3 ± 0.8 μm (range 4.6 to 8.3 μm). As with cell dimensional measures, the nucleus size (based on length) was distinctly smaller in the goblet cells (p < 0.001).
Measured area and estimated goblet cell area and volume
A range of apparent areas of the goblet cells was seen. As shown in Figure 4A , the distribution of the measured area values was broadly unimodal, although was not normally distributed (p = 0.002). The overall area value was 200 ± 55 μm 2 (mean ± SD, range 86 to 362 μm 2 ). The cell areas of the epithelial (non-goblet) cells averaged 269 ± 78 μm 2 (range from 127 to 608 μm 2 ), a set of values that was statistically larger than those of the goblet cells (p < 0.001).
Alternatively, the areas of the goblet cells could be reliably estimated by using the averaged dimensional values, the mean cell 'diameter' (Figure 4B ). The correlation between the measured area values and the estimated one was very high (r 2 = 0.903, r s = 0.920), with the estimated area being 193 ± 50 μm 2 (range 108 to 338 μm 2 ). Similarly, the longest dimension of the goblet cells also was a good predictor of the area value ( Figure 4C , r s = 0.960).
Using the dimensional values, estimates can also be made of the volume of the spheroid-shaped goblet cells, yielding values between 813 and 4098 μm 3 , mean 1885 ± 728 μm 3 .
Nucleus characteristics and nucleo-cytoplasmic fraction estimates
For the goblet cells the measured nucleus area values were between 13 to 58 μm 2 (mean 33 ± 8 μm 2 ), a set of values that were distinctly smaller than those measured for the epithelial (nongoblet) cells (mean 54 ± 12 μm 2 , range 19 to 83 μm 2 ); these nucleus area values were statistically smaller in the goblet cells (p < 0.001).
The distribution of the measured area values for the goblet cell nuclei was not homogeneous ( Figure 5A ) and suggestive of two sub-populations of nuclei (based on size) with some being smaller and others larger. Notwithstanding, there was a very predictable interrelationship between the measured goblet cell area and the relative area occupied by the nucleus (Figure 5B ) with this proportional area being greater in the smaller goblet cells. Overall, the nuclei could occupy almost half the cell area (seen in profile, with a nucleo-cytoplasmic area fraction as high as 0.484) or only a very small area (with the nucleo-cytoplasmic area fraction being as low as 0.047). The overall inter-dependency of the nucleo-cytoplasmic fraction (ratio) to cell size (area) was highly statistically significant (r s = -0.817, p < 0.001) with a logarithmic function appearing to provide the best fit, at least subjectively. The effect observed cannot be simply accounted for in terms of a cell size-related difference in nucleus size (p > 0.05, r s = -0.208).
The measured values for nucleus size (dimension) can also be used to both estimate the nucleus volume and a nucleo-cytoplasmic volume fraction. The nucleus volume estimates ranged from 52 to 309 μm 3 (mean 141 ± 53 μm 3 ) yielding nucleo-cytoplsmic volume estimates of between 0.016 to 0.265 (mean 0.095 ± 0.050).
Discussion
These studies are presented to support a perspective that goblet cells can have some predictable dynamic differences. As indicated in the introduction, little actual information (data) appears to be available on the size and shape of goblet cells, and there has been little obvious discussion on any nucleus (or cell) dynamics that could underpin any morphological differences in these cells (Rose and Voynow 2006; Johansson 2012; Birchenough et al. 2005; Karan 1999; Kim and Ho 2010] . In line with higher magnification light microscope based histology with nuclear staining which can show the presence of a basally-located nucleus in mucous cells (Kumari et al. 2009; Schroeder et al., 2012) , typical schematic presentations of the goblet cells (and their precursors for some mucous epithelia) show a cell with a small basally-located nucleus (Davis and Dickey 2008; Birchenough et al. 2015) .
In the present studies, the opportunity was taken to examine the goblet cells from a cytological perspective and using Giemsa to define the cells. The IC samples for this study were taken immediately after euthanasia of the animals used, but have also be taken from living rabbits as well (reviewed in Doughty, 2015a) . The cytological approach reveals the goblet cell outline and its nucleus but the mucus content is not stained. The result is a cell with essentially no staining of the cytoplasm so giving a balloon-like appearance which can also be seen in IC specimens stained with haematoxylin (Rath et al. 2006 ), modified Papanicolaou stain (Zuazo et al. 2014 Izci et al. 2015) , and also following use of certain immunocytochemical staining procedures (Krenzer and Freddo, 1997; Danjo et al. 1998) . With such well resolved visualization of the goblet cells, measures of cell dimensions and areas can be easily undertaken, especially if the extra step of substantially magnifying the final images (by projection) is also undertaken. This is hopefully evident in Figure 1 , where the process of drawing the outline of the goblet cell onto an overlay is shown. An obvious number of goblet cells in a 200 X microscope field of view was only evident if, as shown in Figure 1 (and Figure  2B) , two or three layers of conjunctival cells had adhered to the filter (Doughty, 2015a) . If only the most superficial cells attached to a particular region of the filter surface, then some of the gaps between the cells (as shown in Figure 2A ) might be considered to be where some superficially-located goblet cells might have been located. However, as considered in detail elsewhere (Doughty, 2015a) , the gaps between some cells more likely indicate simply that superficial non-goblet cells did not adhere to the filter initially or stay fixed during processing. It has been proposed that such apparent separation between non-goblet cells should not only be assessed as part of assigning a subjective grade to the specimens but this 'quality of cell-to-cell adhesion' could be an (early) indicator the squamous metaplasia of the non-goblet cells (Haller-Schober et al., 2006) . However, a case has also been made that if the slightly separated cells do not show signs of enlargement and notable change in the nucleo-cytoplasmic ratio, both of which are logically the dominant features of squamous metaplasia) (Doughty, 2015b) , then this feature of the IC sample (i.e. the apparent cell separation) is essentially an artefact of the cell collection method. That this is the case for the cells shown in Figure 2A is underpinned by the morphometry of these non-goblet epithelial cells which have sizes consistent with normal superficial cells of the bulbar conjunctiva.
The measures and analyses undertaken in the present study indicate that in normal healthy conjunctiva the nucleus of goblet cells is predictably smaller than that in surrounding epithelial (non-goblet) cells, and that this apparent size of the goblet cell nuclei is predictably dependent on the overall size of the goblet cells. This inter-dependency of apparent nucleus size to overall size could be linked to the progressive maturation of goblet cells as they migrate through their epithelia to their respective surface. A partial aspect of this could also include any changes in goblet cells that occur just before discharge of mucus content. As assessed in some detail elsewhere (Halm and Halm 2000; Liu et al. 2015) , any such maturation-related changes in goblet cells can include expansion of the mucin content. In the present study, it is assumed that differences in the overall size of the goblet cells can also indicate differences in their mucin content. From this perspective, the overall nature of the size-related change in the nucleocytoplasmic area fraction could indicate a proportional increase in mucin area (content), in part as a result of a compensatory reduction in nucleus area. It has been stated that animal goblet cells can have 'big' nuclei although no morphometry data was reported (Raji and Naserpour 2007) , while goblet cell nucleus diameter has actually been measured in human tissue sections assessed by transmission electron microscopy (Mercer et al. 1994) with average values of 9.3 μm being reported. From serial sections examined by transmission electron microscopy, the goblet cell volume in rabbit bulbar conjunctiva has been estimated to be 1160 μm 3 , while the nucleus had a volume of just 73 μm 3 (Hirosawa et al. 1991) , i.e. only around 5 % of total cell volume. The present studies indicate that this relative volume might be slightly higher at around 9.5 %.
Without any other substantial data on the morphometry of Giemsa-stained goblet cells, it is only possible to generally discuss the results in the context of related studies. So, for example, using periodate-Schiff (PAS) staining, which may or may not produce a welldemarcated goblet cell outline in impression cytology specimens (Doughty 2012b) , the mean cell 'diameter' (for goblet cells) has been reported to be 16.4 μm (Aragona et al. 1996) or between 16.4 and 17.6 μm (Rivas et al. 1991) . These values, from human rather than rabbit conjunctival samples, are similar to the mean cell diameter of 15.5 μm obtained in the present studies. In another human study, the maximum and minimum diameters for goblet cells were reported to be 18.9 and 14.6 μm respectively, with an average area of 193 μm 2 (Moreno et al. 2003) ; these values are also broadly consistent with the results from the present study. However, in another human study, the area of the goblet cells (based on PAS staining) was reported to be 408 μm 2 (Rivas et al. 2002) , i.e. twice the size seen in the present studies on rabbit conjunctiva. Using transmission electron microscopy to examine serial sections through rabbit conjunctiva, an estimate of goblet cell volume was given as 1160 μm 3 , albeit from just 5 different ells (Hirosawa et al. 1991) ; this value is rather smaller that the estimated volume of 1885 μm 3 (from 150 different goblet cells) in the present studies. Volume estimates for the whole goblet cells of around 2500 μm 3 have been reported from human tissue sections, without serial sectioning, evaluated by transmission electron microscopy (Mercer et al. 1994) .
Overall, in assessments of the impression cytology filters to be used for measures of goblet cell size and shape, just those regions where there was not very substantial multilayering of the cells were selected. This allows for good resolution imaging of the goblet cells and their nuclei, an attribute not always possible when several cell layers (i.e. 4 or probably more) [Doughty, 2015a] were removed onto the filter. In the latter regions, while the outline of the goblet cells was still usually very distinctive, obtaining an in-focus image of the nucleus was much more difficult and perhaps only 2 or 3 goblet cells in any particular field of view would be suitable for morphometry of the nuclei. Overall, as illustrated previously (Doughty 2015a), the apparent size of the goblet cell appears to be dependent on the actual number (density) of goblet cells visible in a field of view, i.e. the higher the number of goblet cells, the smaller their size. Further studies are needed to assess this variable whether this be based on a cytological perspective or using conventional histological methods. The smaller goblet cells might be those located deeper in the epithelial cell layer (Doughty 2012b (Doughty , 2015a .
In conclusion, the present studies indicate that the apparent size (and volume) of the goblet cell nuclei is predictably dependent on the overall size (and estimated volume) of conjunctival goblet cells. These studies need to be extended to normal human (or other animal) conjunctival specimens, and could provide both an indicator of goblet cell maturity, as well as basis for assessments of whether this feature of the goblet cells is altered in conditions such as dry eye. These conclusions are only directly applicable to conjunctival goblet cells, and it would be useful for some comparative data to be generated for goblet cells at other locations in the body but likely using slightly different cytological or histological techniques. 
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